Abstract. Determinants of glucose intolerance were studied in 163 obese Japanese young adults, 18 to 21 years old (43 females,120 males), who underwent 75-g oral glucose tolerance testing. Type 2 diabetes was newly diagnosed in 2.9% (n = 4); impaired fasting glucose (IFG) in 5.1% (n = 7); and impaired glucose tolerance (IGT) in 10.9% (n = 15). A homeostasis model assessment of insulin resistance (HOMA-IR) was used to estimate insulin sensitivity; β-cell function during the first 30 min of the test was measured and defined as the insulinogenic index. This index was adjusted for insulin sensitivity, since this affects both β-cell function and glucose disposition (disposition index). The relationship between insulinogenic index and 1/HOMA-IR was not hyperbolic. However, the disposition index (DI) was useful for the estimation of β-cell function with the correct confirmation about it validity using β-cell function index (BI). The association between insulin sensitivity and β-cell function to glucose disposal, as measured by the area under the glucose curve (AUCg), was examined in all subjects. Insulin sensitivity was significantly related to AUCg (log HOMA-IR; R 2 = 0.142, p<0.0001). On the other hand, an inverse curvilinear relationship was observed between β-cell function and AUCg (log(∆I/∆G)/HOMA-IR, R 2 = 0.411, p<0.0001). Thus, impaired β-cell function, when estimated as DI, was strongly associated with impaired glucose disposal. In conclusion, our study showed that both insulin sensitivity and impaired β-cell function are associated with impaired glucose metabolism, and that β-cell function may be more important in determining glucose disposal.
OBESITY continues to increase in prevalence among children and adolescents, and is accompanied by a marked increase in the frequency of type 2 diabetes among young persons in many regions of the world [1] [2] [3] . Impaired glucose tolerance represents an intermediate stage in the natural history of type 2 diabetes [4] and carries a high risk that type 2 diabetes will develop subsequently [5] . Nonetheless, appropriate changes in the lifestyle of these children and adolescents can delay or prevent progression from impaired glucose tolerance to frank diabetes [6, 7] . Great emphasis, therefore, has been placed recently on the early detection of glucose intolerance in youth. Although obesity has a prominent role in the pathogenesis of early-onset type 2 diabetes [1] , this process is complex since the evolution from normal glucose regulation to impaired glucose tolerance involves an interplay between insulin resistance and the failure of β-cells to secrete sufficient insulin; these problems then worsen as type 2 diabetes develops [4, 8, 9] . Improved knowledge concerning the risk factors predicting the subsequent development of hyperglycemia might improve prevention strategies for type 2 diabetes.
A number of studies in Japanese subjects suggest a blunted early insulin secretory response to glucose in adolescents or middle-aged subjects with impaired glucose tolerance or type 2 diabetes [10] [11] [12] [13] . However, those reports did not characterize the relative contributions of insulin resistance and β-cell dysfunction to early impairment of glucose tolerance. Mitrakou et al. [14] have shown a critical role of early insulin secretion in obese IGT subjects using meticulous protocol of OGTT. Using a glucose disposition index to evaluate insulin secretory function, Kahn [15] recently identified β-cell function as a major determinant of oral glucose tolerance in a group of middle-aged and older subjects with normal or reduced glucose tolerance. Little is known concerning glucose disposition in obese Japanese youth. The importance of the glucose disposition index (DI) has been appreciated only recently, since the widespread adoption of one value used in defining this index, the homeostasis model assessment of insulin resistance (HOMA-IR), has itself only been recently defined and validated. HOMA-IR serves as a surrogate for insulin sensitivity, a more complex physiologic variable [16] . In the present cross-sectional study, we analyzed the insulin responses to OGTT to evaluate how β-cell function, using the disposition index [15, 17, 18] , contributes to glucose disposal in a group of obese Japanese young adults.
Subjects and Methods
University students were recruited from a routine physical examination performed at the time of their entry to Fukuoka University between 1998 and 2003. Subjects were weighed during these examinations to the nearest 0.1 kg with a digital scale. Height was measured with a wall-mounted stadiometer. Body mass index (BMI) was calculated as weight in kilogram/height in m 2 . Obesity was diagnosed when the BMI exceeded 26.4 (+20% of the BMI standard). Body fat was estimated as a percentage of body weight by bioelectric impedance analysis (TBF 102; Tanita, Tokyo). A total of 189 obese students volunteered to participate. Detailed medical and family histories were obtained from all subjects. Using a very stringent protocol, only 166 of the 189 subjects satisfied our inclusion criteria. Subjects with a medical condition or using medications that might affect glucose metabolism before the OGTT were excluded from the study. In order to partially eliminate the effects of glucose toxicity on β-cell function and insulin sensitivity, all diabetic patients were excluded. Newly diagnosed type 2 diabetic patients with a fasting glucose >160 mg/dl also were excluded. Before any subject's participation, the nature, purpose, and risks of the study were explained. Informed consent was obtained from all study subjects. OGTT was performed shortly after signing the informed consent (4 weeks) and undergoing a physical examination at the Medical Health Center of Fukuoka University. After an overnight fasting of 10-12 h, a 75 g OGTT was performed. Venous blood samples for glucose and insulin measurements were drawn into evacuated tubes containing EDTA at baseline and at 30, 60, and 120 min after glucose ingestion for glucose determinations, and at 30 and 60 min for insulin measurements. Plasma samples for other biochemical analyses also were drawn at baseline. OGTT was not completed for 3 of these subjects who participated in endurance training or irregular food intake shortly before the OGTT; thus the data from 163 subjects (43 females, 120 males) were used for analysis. Subjects were classified as having normal glucose tolerance (NGT), impaired fasting glucose (IFG), impaired glucose tolerance (IGT), or diabetes according to the criteria proposed by the American Diabetes Association (ADA) Expert Committee [19] . NGT was defined as a fasting plasma glucose <100 mg/dl and 2-h plasma glucose <140 mg/dl. IGT was defined as a fasting plasma glucose <100 mg/ dl and 2-h plasma glucose between ≥140 mg/dl and <200 mg/dl. Type 2 diabetes was defined as either fasting glucose ≥126 mg/dl or a 2-h plasma glucose ≥200 mg/dl. Plasma fasting glucose of 100-126 mg/dl and a 2-h plasma glucose <140 mg/dl was defined as IFG. No subject was diagnosed as having IGT combined with IFG.
Assays
Plasma glucose was assayed by a glucose dehydrogenase method using an automatic analyzer (Hitachi 7600, Tokyo). Plasma insulin was determined by a microparticle enzyme immunoassay (Insulin Dainapack, Dainabott, Tokyo). This assay is specific for insulin and does not recognize proinsulin. Intra-and interassay coefficients of variance were 3.2% and 2.3%, respectively. The sensitivity of the method was 1.0 µU/ ml. Plasma total cholesterol and triglyceride were de-termined by an automatic analyzer (Hitachi), using a TCH kit (UV method; KL-Kokusai) and a Pure-auto S TNG kit (Daiichi-Kagaku), respectively.
Calculations
To assess β-cell function, we used the insulinogenic index which was calculated as the ratio of the increment in the plasma insulin concentration to that in the plasma glucose concentration during the first 30 min after the ingestion of glucose load. This ratio has been shown to be a good measure of early insulin secretion in adolescents as well as a predictor of diabetes in adults [20, 21] . To estimate the magnitude of the glycemic response after oral glucose ingestion, the trapezoidal rule was used to calculate the incremental area under the time-concentration curve for glucose (AUCg) during the duration of OGTT. Glucose tolerance was quantified as AUCg. HOMA of insulin resistance (HOMA-IR) [22] was calculated from the fasting glucose and insulin concentration as described by Matthews et al. [22] using the equation, resistance = glucose (mg/dl) × insulin (µU/ml)/405, which is equivalent to the equation originally reported. HOMA-IR has been validated conclusively with clamp studies in children and adolescents [16] . Kahn et al. [23] mathematically described a hyperbolic relationship between insulin sensitivity and β-cell function. To check whether the relationship between insulinogenic index and index of insulin sensitivity (1/HOMA-IR) in the NGT group was hyperbolic, we performed linear regression analysis with log(insulinogenic index) as the dependent variable and with log(1/HOMA-IR) as the independent variable. The relationship was described by the equation y = -0.4914x -0.0132 R 2 = 0.1663 P<0.0001. The 95% confidence interval (IC) of the regression coefficient was -0.678 to -0.304; it did not include -1. The relationship was not hyperbolic. Sakaue et al. [24] have reported recently that the relationship between insulinogenic index and some indicies of insulin sensitivity was not necessarily a hyperbolic function in Japanese NGT subjects because of the difference in ethnicity. They have proposed β-cell function index (BI) as a power function; y = k × x -α (x, insulin sensitivity; y, insulin secretion). The relationship was expressed by the equation y × x 0.491 = e -0.013 . DI was calculated as the insulinogenic index divided by HOMA-IR [15, 18] . BI was also determined by the equation y × x 0.491 . When the relationships between HOMA-IR, insulinogenic index, DI, BI and AUCg were nonlinear, we logarithmically transformed the independent variable not showing linearity (HOMA-IR, DI or BI ) to examine its relationship with AUCg. For parameters, not normally distributed, a log transformation was used for analysis.
Statistical analysis
Analyses were conducted using the statistical package Statview for Windows, version 5.0. Data comparisons between the four groups first were performed using analyses of variance (ANOVA) for multiple comparisons; differences between each pair of groups then were evaluated by Fisher's partial least-square difference post-hoc test. The relationship between any two variables was calculated by simple regression. For dichotomous variables Fisher's exact test was used. Differences were considered statistically significant at a value of p below 0.05. Data are presented as the mean ± SEM.
Results
The characteristics of the study subjects classified according to glucose tolerance are presented in Table 1 . Of the 163 subjects, 135 (82.8%) showed normal glucose tolerance (NGT); 7 (4.3%), isolated impaired fasting glucose (IFG); and 15 (9.2%), isolated impaired glucose tolerance (IGT). Silent diabetes was diagnosed in 6 subjects (3.7%). No subject had IGT combined with IFG. The ratios of subjects with NGT and IGT varied by gender; the female/male ratio for all subjects was 43/120 (36%); 32/103 (31%) for NGT and 6/ 9 (67%) for IGT, with the IGT twice as high in females, although it was not statistically significant. The prevalence of family history of Type 2 diabetes was also not significant in IFG, IGT and diabetes in relation to NGT group. Systolic and diastolic blood pressure did not differ significantly between groups; overall, 27 (16.6%) of the 163 subjects had systolic hypertension (>130 mmHg) and 23 (14.1%), diastolic hypertension (>85 mmHg). Neither age nor height, weight, BMI, or percent fat differed between the groups. Plasma total cholesterol and plasma HDL-cholesterol concentrations did not differ between groups, but plasma triglyceride concentration was significantly higher in subjects with IGT or diabetes than in those with NGT. As shown in Table 2 , fasting plasma glucose and insulin concentrations were significantly higher in subjects with IFG than in those with NGT. At the end of OGTT, plasma glucose concentrations were increased significantly in the groups with IGT or diabetes. Plasma insulin response at 30 min after a glucose load ingestion was smallest in the group with diabetes, but the difference was not statistically significant.
Estimation of insulin sensitivity and β-cell function
As shown in Table 3 , AUCg during OGTT was significantly larger in subjects with IFG, IGT, or diabetes than in the NGT group. The mean HOMA-IR values were significantly higher in subjects with IFG (p<0.01) and diabetes (p<0.05) than in the NGT group; the difference between the IFG and IGT groups also was significant. Insulinogenic index was not significantly different between groups (ANOVA). DI, however, was reduced moderately in the IFG and IGT groups as well as blunted severely in the diabetes group in comparison to that in the NGT group. Thus, after adjustment for the degree of insulin sensitivity, β-cell function decreased progressively as glucose tolerance deteriorated. Mean BI values are also shown in Table  3 . BIs were significantly decreased in the IGT and diabetes groups, but not statistically significant in IFG group. In the relationship between the insulinogenic index and 1/HOMA-IR, the plotted points of the non-NGT subjects were placed at the lower left relative to those of NGT subjects (data not shown). The shift of the plotted points indicates an impaired feedback system of insulin sensitivity to β-cell. Both the DI and the BI expressed this phenomenon and the indices indeed decreased in individuals without NGT. Therefore the DI as the insulin secretory function was used in this study.
Relationships between insulin sensitivity, β-cell function, and plasma glucose response
In order to examine the relative contributions of insulin sensitivity and β-cell function to AUCg, we logarithmically transformed HOMA-IR and β-cell function quantified as either ∆I/∆G or (∆I/∆G)/HOMA-IR as the independent variable, and then examined the relationship with AUCg (Fig.1) . The relationships of HOMA-IR or β-cell function [∆I/∆G or (∆I/∆G)/ HOMA-IR] to AUCg were best described by a loglinear fit: (log HOMA-IR, R 2 = 0.142, p<0.0001; log ∆I/∆G, R 2 = 0.176, p<0.0001; and log (∆I/∆G)/ HOMA-IR, R 2 = 0.412, p<0.0001). We further examined the association between the BI and AUCg. Logtransformed BI was linearly correlated with AUCg (R 2 = 0.188, p<0.0001) (data not shown). The correlation coefficients of log BI with AUCg were smaller in our subjects compared with those of log DI (R 2 = 0.412, p<0.0001). In these analyses, HOMA-IR, the insulinogenic index (∆I/∆G), and the DI (∆I/∆G/ HOMA-IR) explained 14.2%, 17.6%, and 41.2% of the variance in AUCg, respectively.
Discussion
A study of a large number of obese young adults with varying degrees of glucose tolerance enabled us to examine the relationship between insulin sensitivity and β-cell function to the magnitude of the glycemic response following oral glucose ingestion without the confounding effects of aging and hyperglycemia. Proceeding according to Kahn's report [15] , we assessed insulin sensitivity and β-cell function. The relationship in our study was not hyperbolic. However, not all studies have shown hyperbolic relationship between insulin secretion capacity and insulin sensitivity (25) . Thus, the hyperbolic relationship between insulin secretion and insulin sensitivity is sometimes questioned (24) . NGT, normal glucose tolerance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; HOMA-IR, homeostasis model assessment. *** According to the equation y = k × x -α (x, insulin sensitivity, y, insulin secretion), the BI described by the equation x α × y was used as the power function rather than hyperbolic.
We estimated the β-cell function index (BI) (x α × y) and compared it with the DI (x × y). When examining individuals with IFG, IGT or diabetes, the coefficients of the fitting power functions differ significantly from those of NGT subjects; the curves moved towards the axis origin. The use of BI had a similar trend in results with those using x × y. We thought that the DI, as the simple product of insulinogenic index and 1/HOMA-IR, was useful in our study for easy and relative comparison of β-cell function. When the insulinogenic index was considered in isolation, no significant differences were observed between the groups defined by glucose tolerance, but the DI was significantly lower in the subjects with IGT, IFG, and diabetes than in the subjects with NGT (p<0.05). The present crosssectional study found progressively lower DI values in groups with progressively poorer glucose tolerance, ultimately resulting in diabetes. Results of our study for early insulin secretion in obese young adults with IGT or type 2 diabetes were mostly compatible with the literature reported in the middle-aged obese subjects [13, 14] . We also examined the relationship of insulin sensitivity and β-cell function to the magnitude of the glycemic response after oral glucose ingestion (Fig. 1 ).
Our observation indicated that β-cell function, when estimated as the DI, was strongly related to glucose disposal and accounted for 41.2% of its variance. These findings were compatible with those of Kahn [15] , who reported that the DI explained 45% of variance. Since this study design was cross-sectional, it provided information about the characteristics likely to affect further development of glucose intolerance in the study subjects, but it could not identify which presently non-diabetic subjects will develop type 2 diabetes. Weiss et al. [17] recently studied obese children and adolescents longitudinally, reporting the DI to be a metabolic predictor of change in glucose tolerance. In that study, an unfavorable DI and BMI were significant predictors of type 2 diabetes, although a different measure of insulin sensitivity was used (whole body insulin sensitivity index or WBISI) [26] . Our findings are consistent with those of Weiss et al. [17] , who reported that β-cell function was more important in determining glucose disposal than insulin sensitivity. We know of no previously reported study of obese Japanese young adults that included a DI calculation.
Sargin et al. [27] had reported that the early phase insulin secretion in both intravenous glucose and oral glucose tolerance test was not reduced in subjects with isolated IFG in comparison with subjects with combined glucose intolerance. In the study by Igarashi et al. [28] , as factors that were potentially involved in the development of the IGT from the NGT, significant increases in the serum insulin concentrations at 120 min The relationship between insulin sensitivity (A), insulinogenic index (B), or disposition index (C) to glucose disposal is described by a log-linear fit of the independent variable (log HOMA-IR; R 2 = 0.142, p<0.001; log (∆I/∆G); R 2 = 0.176, p<0.001; log [(∆I/∆G)/HOMA-IR]; R 2 = 0.412, p<0.001). AUCg, area under the glucose curve; I, insulin; G, glucose.
after glucose load had been noted, rather than the lower response to the early-phase insulin secretion. Both reports did not consider the insulin secretion capacity with the estimation of insulin sensitivity in their study. Plasma triglyceride concentrations were significantly higher in the subjects with IGT and diabetes, but this factor did not appear to influence substantially the development of type 2 diabetes; the relationship between the AUCg and plasma triglyceride was significant but very weak (R 2 = 0.086, p<0.001).
In conclusion, we demonstrated that the impairment of early-phase insulin secretion was an important contributor to glucose intolerance in obese young adults. These individuals should be monitored for type 2 diabetes beginning early in life and continuing regularly during their ongoing medical care.
